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Abstract: In the TeV scale minimal left-right symmetric model (LRSM) for neutrino
masses, there is a tension between the flavor changing Higgs effects which prefer an SU(2)R
breaking scale vR & (15−25) TeV depending on whether the theory is kept invariant under
charge conjugation (QL → (QR)c) or under parity (QL → QR) respectively and an LHC
accessible few-TeV range mass of WR boson which would require vR . 10 (15) TeV if
gR/gL = 1(0.65). This requires one quartic coupling in the scalar potential to go non-
perturbative, posing a theoretical problem if the WR is discovered at LHC. We propose a
simple extension of the minimal LRSM that adds a B−L = 0 scalar triplet and study how
this can ameliorate this tension. We find that such a model is also constrained from various
considerations and implies a lower bound on the WR mass of 8.1 (5.26) TeV for the parity
case with gR/gL = 1 (0.65) and 4.85 (3.16) TeV for the case of charge conjugation, if the
flavor constraints have to be avoided while keeping all couplings perturbative. These mass
ranges are accessible at the high-luminosity LHC. The model also implies new decay mode
of WR to two scalars which is absent in the minimal LRSM. Finally we comment on the
impact of such a scalar multiplet for a class of dark matter extension of LRSM discussed
in the literature recently.
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1 Introduction
The TeV scale left-right symmetric models (LRSMs) [1–4] based on the gauge group
SU(2)L × SU(2)R × U(1)B−L have been widely discussed as the minimal extension of
the standard model (SM) that accommodates small neutrino masses [5] via the seesaw
mechanism [5–9]. The reason is that the two basic ingredients of seesaw mechanisms, i.e.
right handed neutrinos (RHNs) and their Majorana masses arising from B − L breaking,
are automatic in the LRSMs and do not have to be put in as additional inputs. An impor-
tant practical question is whether the heavy WR boson predicted by LRSMs is detectable
at the Large hadron collider (LHC) or one needs to go to higher energy colliders. For
this purpose, one needs to know whether an LHC accessible WR with mass generally in
the (5 − 6) TeV range [10–12] is compatible with low energy observations, e.g. the fla-
vor changing processes such as K − K¯, Bd,s − B¯d,s and D − D¯ mixings induced by the
new features of the model. One particular aspect that we focus in this paper concerns
the implications of the scalar sector of LRSMs. In its minimal version [5] which is widely
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considered in the literature [13–36], there is a bidoublet field Φ(2,2, 0) which couples to
the SM quarks and leptons and gives them masses (as well as generate the Dirac masses for
seesaw mechanism). The bidoublet field consists of two SM doublets with the second one
being the parity partner of the first. This can be thought of as a two Higgs doublet exten-
sion of the SM (2HDM) except that the extra SU(2)R symmetry of the model constrains
the couplings of Φ to quarks and leptons in a specific way. This leads to fewer free Yukawa
coupling parameters than in a generic 2HDM. In fact, in a general 2HDM there are four
Yukawa coupling matrices involving the up and down sectors of the quarks, whereas in the
case of LRSM there are only two matrices given in the equation below:
LφY = hijQ¯LiΦQRj + h˜ijQ¯LiΦ˜QRj + h.c. (1.1)
where Φ˜ = σ2Φ
∗σ2 (σ2 being the second Pauli matrix), and QL and QR are respectively
the left and right-handed quark doublets. This property leads to the generation of large
new scalar induced flavor changing neutral current (which we call FCNH) effects unlike
the 2HDMs where it could be tuned to be zero. To see this heuristically, we can ignore
CP violation, and note that the matrices hij and h˜ij in Eq. (1.1) are hermitian matrices
due to left-right (LR) symmetry. One of the two matrices can be diagonalized by choice
of basis without loss of generality. In this basis there are 9 free parameters (ignoring CP
phases) describing the quark masses and mixings and they are all fixed by the six quark
masses and three CKM mixing angles. Looking at the Φ field, we see that there are two
neutral scalar fields, with the real part of the first one being dominantly the SM Higgs h.
The couplings of the second neutral scalar field (denoted by H1 + iA1 below) to quarks
are now fixed by quark masses and CKM angles. In the mass basis, it involves change of
flavor due to the CKM rotations. It is this property that leads to large flavor changing
effects from tree-level exchange of the new neutral scalar fields H1 and A1 (called here
the FCNH effects) and puts lower bounds on the mass of these neutral scalar fields to be
consistent with observations [37–41]. This mass limits depend on the assumptions but can
safely be anywhere from & 15 TeV [39] to & 25 TeV [38], depending on whether one uses
parity (P ) which interchanges QL ↔ QR (called LRP models) or the generalized charge
conjugation (C) which interchanges QL ↔ (QR)c (called LRC models) respectively [39].
We will assume these values to be conservative, although they depend on assumptions.
Since in the minimal LRSM these masses are given by a formula
√
α3vR, where α3 is
a quartic coupling in the scalar potential (cf. Eq. (3.2)), these limits would imply that
vR & (15 − 25) TeV (for the LRC or LRP cases) if the coupling α3 is of order one. The
latter implies that the WR boson mass given by gRvR (gR being the gauge coupling for
the gauge group SU(2)R) is far above what LHC can access. Thus, if WR is discovered
at the LHC, this would present a consistency problem for the minimal LRSM and would
require its extension so that this tension does not exist. This kind of tension exists in both
the type-I seesaw [5] as well as inverse seesaw realization of the neutrino masses [42, 43] in
LRSMs [44–46]. In the bulk of this paper we focus on models with type-I seesaw; however,
as we comment in Section 8, our method can be applied to the inverse seesaw LRSMs as
well.
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In two papers, attempts were made to address this issue, in one case using a higher
dimensional operator [47] and in another using an extension that adds extra fermions and
scalars [48]. In this paper, we provide a new economical extension of the LRSM by adding
just a real B − L = 0 SU(2)R scalar triplet δR and show that it provides a simple way to
ameliorate this problem for a large range of WR mass. The addition of this field does not
affect the neutrino mass features. Also, for the sake of simplicity, in this paper we have
worked in the version of the model where parity is broken at a high scale [49] so that the
low energy spectrum does not contain the left-handed triplet ∆L(3,1,+2). The presence or
absence of this field does not make any difference to the problem we are trying to address.
The addition of the B − L = 0 triplet δR leads to several interesting results: (i) it
increases the mass of H1 and A1 while keeping the coupling α3 perturbative i.e. α3 . 1;
(ii) the presence of trilinear scalar couplings in the presence of the new triplet δR imposes
further constraints on the model so that the FCNH solution can be maintained only if the
mass of WR is larger than 5.26 TeV if gR/gL = 0.65 for the LRP case, and 3.16 TeV for
the LRC case, both of which are accessible at the LHC as well as high-luminosity LHC
(HL-LHC); (iii) this new multiplet opens up a new decay channel for the WR to two scalar
modes [50, 51], all-be-it with a small branching ratio (BR), in contrast with the minimal
LRSM where it is absent; (iv) the presence of this new triplet scalar has also implications
for dark matter (DM) extensions of the model providing more flexibility to the parameter
space of the model.
The paper is organized as follows: In Section 2 we sketch briefly the level of tension
in the minimal LRSM for various values of the gauge coupling ratio gR/gL. The masses
and mixings among the neutral and singly-charged scalar fields are obtained in Section 3,
in this section we explain how the new scalar triplet δR affects the FCNH constraints from
the K and B mesons, and show the lower bounds on WR mass due to vacuum stability
constraint arising from the 1-loop box diagrams. The singly-charged scalar H±2 from δR is
rather interesting; in Section 4 we show how it is produced and decays at future hadron and
lepton colliders. The effects of H±2 on heavy RHN decay is briefly commented in Section 5,
the new scalar decay mode of WR boson is addressed in Section 6, and the DM implications
of the new scalar is detailed in Section 7, before we comment and conclude in Section 8.
Some of the calculation details are collected in the appendices.
2 Degree of the FCNH tension in the LRSM
Before proceeding to discuss the model details, let us give more precisely the level of
tension between the LHC accessibility of WR and the FCNH constraints. Clearly the
former depends on the value of the right-handed gauge coupling gR since that determines
not only the mass of WR (for fixed right-handed scale vR) but also the production rate
of WR at the LHC. The current LHC limits [52, 53] of 4.7 TeV is for the special case of
gL = gR (for an analysis of LHC bounds on WR, see e.g. [54]). The limits are relaxed
if either the VCKM in the left- and right-handed sectors are different [55, 56] or the RHN
masses are larger than the WR mass [57]. Throughout this paper, we assume the left- and
right-handed quark mixing matrices V
(L,R)
CKM are the same.
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Figure 1. Variation of the LHC 13 TeV limits on WR mass (dashed) [52, 53] and the reach at the
HL-LHC (solid) with rg = gR/gL. This figure is from [12].
As a result of the Majorana nature of the heavy RHNsN , the “smoking-gun” signatures
of WR boson at hadron colliders are a pair of same-sign dilepton plus two jets without any
significant missing energy, i.e. WR → `±N → `±`±jj (here for simplicity we do not show
explicitly all the flavor indices) [58]. Given an integrated luminosity of 3000 fb−1, the WR
boson in the minimal LRSM can be probed up to about 6.5 TeV at the HL-LHC with
center-of-mass energy of 14 TeV from the searches of same-sign dilepton signals if gR = gL.
At leading order, the production cross section σ(pp → WR) ∝ g2R, thus the WR prospect
could go higher if gR > gL. In Fig. 1 we show how this reach value changes as function
of gR. This figure is from Ref. [12] and shows both the current LHC 13 TeV limits from
Refs. [52, 53] and the prospect at the HL-LHC. One should note that there is an absolute
bound on the gauge coupling rg = gR/gL & 0.55 [27, 59]. If the gauge couplings are
perturbative up to the grand unified theory (GUT) scale, the constraint on gR is more
stringent, i.e. gR/gL & 0.65 [12]. As shown in Fig. 1, for a smaller gR with the value of
gR/gL = 0.65, the WR discovery reach is about 6.1 TeV. This implies that the right-handed
symmetry breaking scale vR . 10.0 TeV if gL = gR, and somewhat larger for a smaller gR,
being . 14.4 TeV for gR/gL = 0.65.
On the other hand, the FCNH constraints imply MH1 ≥ (15− 25) TeV [38, 39], which
requires that in the minimal LRSM the quartic coupling α3 'M2H1/v2R to be ∈ [2.25, 6.25]
for vR ' 10 TeV, in the non-perturbative range. Furthermore, for an α3 & 1, when the
couplings in the LRSM run up to higher energy scales, they would hit the Landau pole
very quickly [12, 28, 30, 60, 61]. This creates a tension for the minimal LRSM for neutrino
mass generation, not only if the WR is discovered at LHC but also for a range of WR mass
that is beyond the LHC accessible values. For the smallest value of gR ' 0.65gL ' 0.42,
vR ' 14.4 TeV may be kinematically within the reach of HL-LHC, yet be compatible with
FCNH constraints with a large quartic coupling α3 ' 1.09 if MH1 ' 15 TeV. We also note
that the limits on WR mass can be large from rare meson decays if the RHN mass is in the
GeV range [62, 63]. We do not consider this case here.
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3 Extended scalar sector
In order to discuss how our extension of the LRSM helps with the FCNH tension, we
analyze the scalar potential to get the mass spectra of neutral and charged scalar bosons
in the new model. The scalar sector now consists of the following multiplets: the bidoublet
field Φ(2,2, 0), the SU(2)R triplet field with B − L = 2 denoted by ∆R(1,3,+2) and the
new real B − L = 0 field δR(1,3, 0) which is not present in the minimal LRSM. As noted
earlier, this is the effective low energy version of the parity symmetric model where the
parity symmetry has been broken at a high scale [49] so that the SU(2)L triplet ∆L(3,1,+2)
and δL are absent from the Lagrangian. The detailed field content of the multiplets are:
Φ =
(
φ01 φ
+
2
φ−1 φ
0
2
)
, ∆R =
(
1√
2
∆+R ∆
++
R
∆0R − 1√2∆
+
R
)
, δR =
(
δ0R δ
+
R
δ−R −δ0R
)
(3.1)
The most general scalar potential of the bidoublet field Φ, the triplet field ∆R and the real
field δR is given by:
V = −µ21 Tr(Φ†Φ)− µ22
[
Tr(Φ˜Φ†) + Tr(Φ˜†Φ)
]
− µ23 Tr(∆R∆†R)− µ24 Tr(δRδ†R)
+M2Tr(ΦδRΦ
†) +M3Tr(∆RδR∆
†
R)
+λ1
[
Tr(Φ†Φ)
]2
+ λ2
{[
Tr(Φ˜Φ†)
]2
+
[
Tr(Φ˜†Φ)
]2}
+λ3 Tr(Φ˜Φ
†)Tr(Φ˜†Φ) + λ4 Tr(Φ†Φ)
[
Tr(Φ˜Φ†) + Tr(Φ˜†Φ)
]
+ρ1
[
Tr(∆R∆
†
R)
]2
+ ρ2 Tr(∆R∆R)Tr(∆
†
R∆
†
R) + η1
[
Tr(δRδ
†
R)
]2
+α1 Tr(Φ
†Φ)Tr(∆R∆
†
R) + α2
[
Tr(Φ˜†Φ) + Tr(Φ†Φ˜)
]
Tr(∆R∆
†
R) + α3 Tr(Φ
†Φ∆R∆
†
R)
+β1 Tr(Φ
†Φ)Tr(δRδ
†
R) + β2
[
Tr(Φ˜†Φ) + Tr(Φ†Φ˜)
]
Tr(δRδ
†
R) + γ1 Tr(∆
†
R∆R)Tr(δRδ
†
R) .
(3.2)
For simplicity, we have assumed all the parameters in the potential are real. Minimizing
the potential with respect to the VEVs 〈φ01〉 = κ1, 〈φ02〉 = κ2, 〈∆0R〉 = vR and 〈δ0R〉 = wR
leads us to the relations
µ21
v2R
= − xM2√
2vR
+ α1 + β1x
2 +O(ε2) , (3.3)
µ22
v2R
= α2 + x
2β2 +O(ε2) , (3.4)
µ23
v2R
= − xM3√
2vR
+ 2ρ1 + γ1x
2 +O(ε2) , (3.5)
µ24
v2R
= − M3
2
√
2xvR
+ γ1 + 2η1x
2 +O(ε2) , (3.6)
where we have defined ε ≡ vEW/vR, ξ ≡ κ2/κ1 and x ≡ wR/vR with the electroweak VEV
vEW =
√
κ21 + κ
2
2 ' κ1 and the VEV ratios ε, ξ  1. These relations can be used to
determine the µ2i parameters in the potential Eq. (3.2), with the trilinear coefficients M2, 3
left as free parameters.
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3.1 Neutral scalars and ameliorating FCNH
Following [27], the mass matrix for the CP-even neutral scalars reads, up to the sec-
ond order of the small parameters ε and ξ and in the basis of the real components
{φ0Re1 , φ0Re2 , ∆0ReR , δ0R}:
M0 '

4λ1ε
2 −α˜3ξ 2α1ε −[ α˜3−α32x − 2β1x]ε
−α˜3ξ α˜3 4α2ε 4xβ2ε
2α1ε 4α2ε 4ρ1 − r√2 + 2γ1x
−[ α˜3−α32x − 2β1x]ε 4xβ2ε − r√2 + 2γ1x
r
2
√
2x
+ 4η1x
2
 v2R , (3.7)
where we have defined the dimensionless parameters
α˜3 = α3 +
√
2xM2
vR
= α3 +
√
2M2wR
v2R
, r =
M3
vR
. (3.8)
The neutral scalar mass matrix in Eq. (3.7) can be diagonalized by the rotation matrix,
up to the order of O(ε, ξ)
h
H1
H3
H4
 =

1 ξ − sin θ1 − sin θ3
−ξ 1 − sin θ2 − sin θ4
sin θ1 sin θ2 cos θ5 − sin θ5
sin θ3 sin θ4 sin θ5 cos θ5


φ0Re1
φ0Re2
∆0ReR
δ0R
 , (3.9)
where the mixing angles sin θ1,2,3,4 are expected to be small and sin θ5 is potentially large.
The scalar h is identified as the SM-like Higgs, with mass
m2h '
[
4λ1 − α
2
1
ρ1
−
(
α˜3 − α2
2x
− 2β1x
)2(
r
2
√
2x
+ 4η1x
2
)−1]
κ21 , (3.10)
where we have used
sin θ1 ' α1ε
(2ρ1)
,
sin θ3 ' −
(
α˜3 − α2
2x
− 2β1x
)(
r
2
√
2x
+ 4η1x
2
)−1
ε (3.11)
in getting this value. H1 the neutral scalar predominantly from the real part of heavy
doublet φ2, and H3,4 mostly from the component ∆
0Re
R and δ
0
R of the right-handed triplets.
If the trilinear mass parameter M2  v2R/wR, the mass of M2H1 ' α˜3v2R is naturally
much higher than the vR scale without a large quartic coupling α3 in the potential (3.2)
as is required in the minimal LRSM. This is the key result that substantiates our claim
that addition of δR field ameliorates the FCNH problem of LRSMs without compromising
perturbativity of all scalar couplings. We will see in Section 3.2 that, when the loop
corrections are taken into consideration, α˜3 can not be, however, too large without creating
problems for the theory.
In the limit of r → 0 and γ1 → 0, the two heavy neutral scalars H3,4 are almost purely
from the components ∆0ReR and δ
0
R, and the mixings of h and H1 with H3 are the same
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as in the minimal model, which are respectively proportional to the quartic couplings α1,2
in the potential (3.2). If the couplings are comparable, i.e. M034 M033, 44 in the matrix
(3.7), the two states ∆0ReR and δ
0
R mix sizably with each other, and their mixing angle sin θ5
in the matrix (3.9) would induce very rich phenomenology in the scalar sector (such as the
long-lived H3 [31, 32]) as well as for the searches of WR in the LRSM (see Section 6).
If the quartic couplings β1 and the mass parameter M3 are not very large, then the
mixing of the SM-like Higgs with δ0ReR is dominated by the α˜3 term in the element M014
of the mass matrix (3.7), i.e. the trilinear M3 term in the potential Eq. (3.2), as Eq. (3.8)
implies that M3 ∼ α˜3v2R/wR. More explicitly
sin θ3 ' α˜3ε
2x
/4η1x
2 =
1
8η1
vEW
wR
M2H1
w2R
, (3.12)
in other words, the mixing angle sin θ3 is also related to the heavy doublet mass MH1 in
addition to the VEV ratios ε = vEW/vR and x = wR/vR. There are very stringent FCNH
constraints on the heavy doublet mass MH1 & (15− 25) TeV, then the current constraints
of Higgs precision measurements on the mixing angle sin θ3 set a lower bound on the wR
scale,
wR &
(
vEWM
2
H1
8η1 sin θ3
)1/3
' (2.8 TeV)×
(
sin θ3
0.22
)−1/3 (η1
1
)−1/3( MH1
15 TeV
)2/3
. (3.13)
Here we have taken the current LHC constraints on a generic scalar mixing with the SM
Higgs . 0.22 [64], which could be further improved up to 0.13 at future lepton colliders [65].
If the quartic coupling η1 < 1 and the heavy scalar mass MH1 > 15 TeV, the lower limit
on wR will get more constraining as scaled in Eq. (3.13).
Now let us look at the mass spectrum of the imaginary part of φ02 which can also lead to
large FCNH effects. For this purpose, we need to diagonalize the mass matrix involving this
field. Since δR has zero B−L charge, we can choose it to be a real field. The mass matrix
of the imaginary part of the three neutral scalars is, in the basis of {φ0 Im1 , φ0 Im2 , ∆0 ImR }
and in our approximation: α˜3ξ2 α˜3ξ 0α˜3ξ α˜3 0
0 0 0
 v2R , (3.14)
We can easily diagonalize the matrix: GZA1
GZR
 =
 1 −ξ 0ξ 1 0
0 0 1

 φ0 Im1φ0 Im2
∆0 ImR
 , (3.15)
where the two massless states GZ and GZR are eaten respectively by the Z and ZR boson,
leaving only one massive state A1 with mass M
2
A1
= α˜3v
2
R. Again we see that the mass of
the field A1, which is predominantly from Imφ
0
2, is also given by the enhanced coupling
α˜3 and can be made large without choosing any quartic coupling to be large. As in the
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Figure 2. Feynman diagram for one-loop induced 4-δR interaction from the M2 term in the
potential (3.2).
minimal LRSM, the masses of H1, A1, as well as the singly-charged scalar H
±
1 which is
predominately from φ±2 , are quasi-degenerate at the leading order of the small VEV ratios
ξ and ε.
3.2 Loop corrections and restrictions on parameter space
Because of the M2 trilinear term in the scalar potential (3.2), there is a loop induced
4-δR interaction in our model which does not exist in the minimal LRSM. The effective
Lagrangian of this interaction (see Fig.2) at the one-loop level is found to be
Lloop = M
4
2
16pi2v4R
[
Tr(δRδ
†
R)
2
]
(3.16)
In the potential (3.2), there is already a quartic term of δR, i.e. the η1 term. The sum of
these two terms must be less than zero, otherwise potential will go to −∞ for large δR and
the vacuum will be unstable (For use of similar argument in other models, see e.g. [66, 67]).
This imposes an upper bound on the mass parameter
M2 <
√
4piη
1/4
1 vR . (3.17)
Plugging this into the approximate expression of H1 mass, we get
M2H01
≈ α˜3v2R = α3v2R +
√
2M3wR
< (α3 + 2
√
2piη
1/4
1 x)v
2
R ' (α3 + 5η1/41 x)v2R . (3.18)
The FCNH constraints on H1 mass therefore impose severe constraints on the VEVs vR and
wR (or equivalently on the ratio x = wR/vR). Setting the quartic couplings α3 = η1 = 1,
some contours of MH1 have been shown in the left panel of Fig. 3, as functions of vR and
x = 0.2 (red), 0.5 (green), 1 (blue) and 2 (purple). The darker (lighter) shaded regions are
excluded by the FCNH limit of 15 (25) TeV on the H1 mass. This implies a lower bound
on the WR mass, which is shown in the right panel of Fig. 3. In the extended LRSM we
are considering, the WR boson mass reads
M2WR = g
2
Rv
2
R
(
1 +
1
2
x2
)
, (3.19)
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Figure 3. Left panel: the heavy bidoublet scalar mass MH1 as function of the VEV vR with
respectively the ratio x = wR/vR = 0.2 (red), 0.5 (green), 1 (blue) and 2 (purple). The shaded
regions are excluded by the FCNH limits of MH1 > (15 − 25) TeV (short and long dashed gray
lines). Right panel: the same data sets of the FCNH limits as in the left panel, where we also show
the current WR mass limit of 4.7 TeV (solid purple) assuming the gauge coupling gR = gL, as well
as the contours of MWR = 4.85 TeV (short-dashed purple) and 8.1 TeV (long-dashed purple). See
text for more details. We have taken α3 = η1 = 1 in Eq. (3.18) in the plots.
which is also a function of vR and x, up to the gauge coupling gR. If gR = gL, then the
FCNH limit of 15 (25) TeV implies that MWR > 4.85 (8.1) TeV, depicted as the short and
long dashed purple curves in the right panel of Fig. 3. This is significantly higher than the
current LHC limit of 4.7 TeV on the WR mass for gR = gL. From the plot, we see that in
order to give enough space for MH1 , we need x & 1.
In Fig. 4 we show explicitly the dependence of MWR on the VEV ratio x = wR/vR in
the plane of x −MH1 , for respectively the specific value of gR/gL = 0.65 in the left panel
and gR/gL = 1 in the right panel. The gray shaded regions are excluded by the current
LHC constraints on the WR mass, which are respectively 4.3 TeV and 4.7 TeV for the
two benchmark values of gR (cf. Fig. 1). The prospects at the HL-LHC are respectively
6.1 TeV and 6.5 TeV, shown as the red curves [12]. As seen in the right panel of Fig. 4
and implied in the right panel of Fig. 3, for gR = gL the FCNH limits on H1 mass have
precluded a large parameter space of WR reach at the HL-LHC, depending on the specific
value of H1 mass limit. For instance, with MH1 = 15 TeV, the probable x range at HL-
LHC is 0.28 < x < 4.1, while the mass MH1 = 25 TeV is too high to leave any space for x.
When the gauge coupling gR is small, the VEVs vR and wR can be larger, and the viable
parameter space becomes much larger: As shown in the left panel of Fig. 4, if MH1 = 15
TeV, the current WR limits require that x < 0.25 or x > 4.3, and a much larger range of
x > 0.02 could be probed by the searches of WR boson at the HL-LHC. It should be noted
the WR mass has to be larger than 3.16 TeV for the case of MH1 = 15 TeV, part of which
region has been excluded by the current LHC data [52, 53]. Even if MH1 = 25 TeV, x can
be probed in the range of 0.48 < x < 2.8. We find that to have the scalar mass MH1 up to
25 TeV in the case of gR/gL = 0.65, the minimal WR mass is required to be 5.26 TeV, as
indicated by the dashed red curve in the left panel of Fig. 4.
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Figure 4. Heavy bidoublet scalar mass MH1 as function of the VEV ratio x = wR/vR, for the gauge
coupling gR/gL = 0.65 (left) and 1 (right). The horizontal lines indicates the FCNH constraints
MH1 > (15 − 25) TeV. The shaded regions are excluded by the current LHC constraints on WR
boson mass, which are respectively 4.3 TeV and 4.7 TeV for gR/gL = 0.65 and 1 [12], while the
solid red curve are the prospects at the HL-LHC, being respectively 6.1 TeV and 6.5 TeV. In the
left panel the dashed red curve indicates the minimal value of MWR = 5.26 TeV for which we can
have the scalar H1 mass as high as 25 TeV. We have taken α3 = η1 = 1 in Eq. (3.18) in the plots.
The scalar mixing angle θ3 is also bounded by the FCNH data. In the limit of M3 → 0
and β1 → 0, plugging equation (3.18) into equation (3.12), we get
| sin θ3| < 1
8η1
vEW
vR
(
1
x3
+
2
√
2piη
1/4
1
x2
)
. (3.20)
A O(10 TeV) range vR implies an upper bound on the mixing angle θ3. For instance, if
we set η1 = 1 and x = 1, then a 10 TeV vR requires that | sin θ3| < 0.013. In other
words, if a sizable mixing of SM Higgs with other scalars could be found in future precision
measurements, that might be in conflict with the model we are considering, and a large
parameter space of our model will be excluded.
3.3 The charged scalars
In order to study the rich phenomenology of the model, we also need to know the ap-
proximate masses of the charged scalars of the model. It is straightforward to obtain the
doubly-charged scalar H±±, which is from the triplet ∆R, with the mass of M2H±± = 4ρ2v
2
R.
Regarding the singly-charged scalars, in the basis of {φ±1 , φ±2 , ∆±R, δ±R}, their mass matrix
is given by
M± '

α˜3ξ
2 α˜3ξ
α3εξ√
2
− (α˜3−α3)εξ√
2x
α˜3ξ α˜3
α3ε√
2
− (α˜3−α3)ε√
2x
α3εξ√
2
α3ε√
2
rx√
2
r√
2
− (α˜3−α3)εξ√
2x
− (α˜3−α3)ε√
2x
r√
2
r√
2x
 v2R . (3.21)
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This matrix can be diagonalized via, up to the first order of ε and ξ,

G±W
H±1
G±WR
H±2
 '

1 −ξ 0 0
ξ 1 α3ε√
2α˜3
− (α˜3−α3)ε√
2xα˜3
− ε√
2(1+x2)
0 1√
1+x2
− x√
1+x2
0 − [α˜3−α3(1+x2)]ε√
2(1+x2)xα˜3
x√
1+x2
1√
1+x2


φ±1
φ±2
∆±R
δ±R
 . (3.22)
There are two massless eigenstates of this matrix: GW and GWR , which become the longi-
tudinal modes of the W and WR gauge bosons, leaving only the two massive singly-charged
scalars H±1 and H
±
2 . As in the minimal LRSM, at leading order the mass of H
±
1 is de-
generate with that of H1 and A1. The scalar H
±
2 is new in the extended model, with
mass
M2± '
r(1 + x2)√
2x
v2R . (3.23)
As we will see in the following sections, the presence of H±2 induces very rich phenomenolo-
gies in the LRSM, including the decay of WR boson and the heavy RHNs.
4 The singly-charged scalar H±2
4.1 H±2 Decay
The singly-charged scalar H±2 is new beyond the minimal LRSM. As shown in Eqs. (3.21)
and (3.22), at leading order it is a linear combination of ∆±R and δ
±
R with the mixing angle
tanϕ± = x, with a subdominant portion from mixing with the heavy singly-charged scalar
H±1 ' φ±2 , cf. Eq. (3.22). One should note that if x ∼ O(1), the mixing of H±2 with H±1
is approximately −12ε and does not depend on any quartic coupling or α˜3. H±1 couples to
the SM quarks [38], therefore H±2 decays predominately into the SM quarks via the mixing
with H±1 :
H±2 → qq¯ (4.1)
To accommodate the type-I seesaw and generate the RHN masses, the triplet ∆R
couples to the right-handed lepton doublets ψR = (`, N)
T via the Yukawa Lagrangian
LYukawa = fRψTRCiσ2∆RψR . (4.2)
From this Lagrangian, the singly-charged scalar H±2 couples to the charged leptons and
RHNs, then we have the decay channel, if kinematically allowed,
H±2 → `±αNβ , (4.3)
with α, β = e, µ, τ the flavor indices. The lepton flavors indices α and β might be the
same or different, depending the Yukawa coupling matrix (fR)αβ and the RHN mixing.
The partial widths Γ(H±2 → qq¯) and Γ(H±2 → `±αNβ) are collected in Appendix A.
Neglecting the small heavy-light neutrino mixing which is strongly constrained [68], the
RHNs could decays via the gauge interactions with the WR boson, i.e. Nα → `±βW∓(∗)R →
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`±β qq¯. Then, as a result of the Majorana nature of the RHNs, the final states of the decay
H±2 → `±αNβ consist of the opposite-sign and same-sign dileptons plus jets
H±2 → `+α `−β qq¯ , `±α `±β qq¯ . (4.4)
which are quite similar to the decay of WR boson in the LRSM.
1 As for the WR boson, the
same-sign dilepton channel H±2 → `±α `±β jj is the most promising channel to search for the
singly-charged scalar H±2 at hadron and lepton colliders, which is almost background free.
4.2 Production at hadron and lepton colliders
The decay of singly-charged scalar H±2 → `±α `±β qq¯ is reminiscent of the WR boson, with the
scalar and vector bosons sharing the same signal of same-sign dilepton plus quark jets. If
such “smoking-gun” signatures can be found at LHC or future higher luminosity/energy
colliders, it is not necessarily from the WR gauge boson. We would like to emphasize here
that though the decay products are the same, the scalar H±2 is actually very different from
the WR boson, because its spin is different from the WR boson.
Just like the neutral scalar H3 in the minimal LRSM, H
±
2 also does not couple directly
to the quark sector and is thus hadrophobic before the electroweak symmetry breaking. The
couplings to the SM quarks come mainly from the small mixing of δ±R with the component
φ±2 from the bidoublet.As a consequence, the production of H
±
2 in hadron and lepton
colliders are very different from the WR boson which couples directly to the SM quarks.
Through the gauge interactions with the γ, Z and ZR bosons, H
±
2 can be produced
via the process pp, e+e− → γ∗/Z∗/Z(∗)R → H+2 H−2 . Furthermore, if MH±2 + MN < MWR ,
it could be produced directly from WR boson decay in hadron colliders via pp→W±(∗)R →
H3H
±
2 . This is a new decay channel of the WR boson beyond the minimal LRSM. More
details about this channel can be found in Section 6. In future lepton colliders, high
luminosity photon beams can be obtained by Compton backscattering of low energy high
intensity laser beam off the high energy electron beam [69–71], and the singly-charged
scalar H±2 can also be produced through the process e
±γ → e±∗ → NH±2 .
All these channels are collected in Table 1 and the corresponding Feynman diagrams are
presented in Fig. 5. Combining the production and subsequent decays of H3 → γγ [31, 32]
and H±2 → `±N → `±`±jj, the final states for these channels are also shown in Table 1.
The particles in parenthesis are from H3 or H
±±
2 decay; the reconstructed invariant mass
of these particles are expected to be close to the mother scalar particle masses.
To proceed to estimate the production cross sections at future hadron and lepton
colliders, we first check the limits on the VEV vR in the extended LRSM from the direct
searches of WR and ZR bosons at LHC 13 TeV and Eq. (3.18). In the minimal LRSM
without the triplet δR, the WR and ZR boson masses are respectively M
2
WR
= g2Rv
2
R and
M2ZR = 2(g
2
R + g
2
BL)v
2
R with the predictive relation MZR ' 1.7MWR . When the LRSM is
extended in the scalar sector, like the case in this paper, the mass relation between the
1In principle we have also the decays H±2 → `+(±)α `−(±)β W±(∓)(∗)R , with the subsequent decays W (∗)R →
WZ, Wh, WH
(∗)
3 , however, these channels are all highly suppressed by the small ratios ξ
2 = (κ′/κ)2 or
ε2 = (vEW/vR)
2, and thus disregarded here.
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Figure 5. Feynman diagrams for the production at hadron and lepton colliders via the process
qq¯, e+e− → γ/Z/ZR → H+2 H−2 (left), qq¯ →W±R → H3H±2 (middle) and e±γ → NH±2 (right).
Table 1. Production channels of H±2 at hadron and lepton colliders and the corresponding final
states, assuming the most promising decay modes H3 → γγ [31, 32] and H±2 → `±α `±β jj. The
subscripts α, β, γ, δ, η are the lepton flavor indices.
channel final states
pp, e+e− → γ∗/Z∗/Z(∗)R → H+2 H−2 (`+α `+β jj)(`−γ `−δ jj)
pp→W±(∗)R → H3H±2 (γγ)(`±α `±β jj)
e±γ → e±∗ → NH±2 `±α (`∓β `∓γ jj)(`±δ `±η jj)
WR and ZR bosons does not hold true any more, and the ZR boson could even be lighter
than the WR boson [72]. With the benchmark values of gR = gL and x = wR/vR = 1,
the direct searches of WR boson imply that vR & 5.9 TeV, as seen in the right panel of
Fig. 3. The most stringent constraints on the ZR are from the dilepton data at LHC in the
channel pp→ ZR → `+`− (with ` = e, µ). Following [12], we rescale the production cross
section σ(pp→ ZR → `+`−) with respect to that for a sequential Z ′ boson, and the latest
ATLAS and CMS data [73, 74] requires that MZR > 3.7 TeV which implies that vR > 3.4
TeV when we set gR = gL. In the extended LRSM we are considering, the FCNH limits
MH1 > 15 TeV impose a lower bound on the vR scale at loop level, as seen in Eq. (3.18).
Following Section 3.2, setting α3 = η = 1 leads to vR & 6 TeV, as seen in the right panel
of Fig. 3.
Respecting all the constraints on vR, we set explicitly vR = 6 TeV as well as gR = gL
and x = wR/vR = 1. Then the ZR boson mass MZR = 6.6 TeV. The production cross
sections for the Drell-Yan process pp → H+2 H−2 at LHC 14 TeV and the future 100 TeV
collider FCC-hh [75] and e+e− → H+2 H−2 at CLIC 3 TeV [76] are shown in the left panel
of Fig. 6, depicted respectively in black, red and blue. In this plot We have included a
k-factor of 1.18 for the production of H±2 at hadron colliders to account for the high-order
corrections [77]. The 6.6 TeV ZR boson is too heavy to be produced directly at LHC
and CLIC and thus could hardly play any role for the Drell-Yan process. However, it
is important for the production of H±2 at FCC-hh, and the bump-like structure in the
left panel of Fig. 6 are due to the ZR resonance [27]. The gray band in the left panel of
Fig. 6 indicates the constraint on H±2 mass from precision measurements of SM Z boson
width [78], i.e. M± > mZ/2, as the singly-charged scalar contributes to Z boson decay via
the channel Z → H+2 H−2 when it is lighter than mZ/2.
The cross section for associated production of H±2 with a RHN in the channel e
±γ →
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Figure 6. Production cross sections for H±2 at hadron and lepton colliders: The contours in the
left panel are for he Drell-Yan channel pp, e+e− → H+2 H−2 at LHC 14 TeV, the 100 TeV collider
FCC-hh, CLIC 3 TeV and the process e±γ → NH±2 at CLIC 3 TeV, as function of H±2 mass. The
gray band is excluded by the precision measurement of the Z boson width. The right panel is for
the channel pp → WR → H3H±2 at LHC 14 TeV and FCC-hh as function of WR mass, with the
gray band excluded by current LHC constraints on WR boson mass [52, 53]. We have taken vR = 6
TeV for the left panel, gR = gL, x = wR/vR = 1, the RHN mass MN = 1 TeV and sin θ5 = 0. The
Feynman diagrams are shown in Fig 5. See text for more details.
NeH
±
2 at CLIC 3 TeV is also shown in the left panel of Fig. 6, in the green color. This
process is induced by the Yukawa couplings (fR)eβ in Eq. (4.2), which induces lepton flavor
violation if β 6= e. We are not focusing on the flavor structure in this paper; for the sake of
concreteness, we consider only the electron-flavored RHN Ne in the associated production
and assume the mixing of Ne with the other two RHNs Nµ, τ are small. As a consequence,
the Yukawa coupling (fR)ee is related to the RHN mass MN via (fR)ee = MN/2vR.
The singly-charged scalar H±2 could also produced at hadron colliders from WR decay,
as shown in Fig. 5 and Table 1. The production cross sections times branching ratio
σ(pp→WR → H3H±2 ) at LHC 14 TeV and FCC-hh are shown in the right panel of Fig. 6,
as function of MWR . The branching fraction BR(WR → H3H±2 ) depends largely on the
factor of mixing angles sin2(θ5 +ϕ±) in Eq. (A.10). x = 1 implies that ϕ = arctanx = 45◦.
To be concrete, we assume sin θ5 ' 0 (thus sin2(θ5 + ϕ±) = 1/2), H3 being light (say
MH3 . 100 GeV) [31, 32], and H±2 being significantly lighter than the WR boson in the
right panel of Fig. 6. The gray band in this plot is excluded by current LHC constraints
of 4.7 TeV on WR boson mass for the special case of gR = gL [52, 53].
It is clear in Fig. 6 that the singly-charged scalar H±2 can be produced abundantly at
both hadron and lepton colliders in a large region of parameter space. Given the benchmark
values of parameters we have chosen, the production cross sections could reach the order of
O(10−3 fb) for M± . 1 TeV in the Drell-Yan and eγ processes. For the production of H±2
from WR decay, the production cross section times branching ratio σ(pp→WR → H3H±2 )
is larger than 10−3 fb at LHC 14 TeV (FCC-hh) if MWR < 7.1 (37) TeV.
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5 RHN Decay
The Yukawa Lagrangian in Eq. (4.2) has also profound implications for the decay of heavy
RHNs in the LRSM. In addition to the “standard” decay through the gauge couplings to
the WR boson Nα → `±W∓ (∗)R → `±β qq¯, the RHNs have a new decay channel through
the Yukawa couplings in the extended LRSM, i.e. Nα → `±βH∓2 , if kinematically allowed.
With the mass relation M± < MN < MWR , it is expected that the two-body decays
Nα → `±βH∓2 dominate over the three-body channels Nα → `±β qq¯ via the WR boson, and
the two jets from the decay H±2 → qq¯ form a peak in vicinity of the H±2 mass, which
could be easily distinguished from the continuum spectrum of the invariance mass mqq
from the three-body decays. Even if MN < M±, the scalar H±2 contributes also to the
three-body decay Nα → `±β qq¯, as in this case we have both the WR and H±2 propagators
for the three-body decay. This is very important when the RHN Nα has a mass in the
range ∼ (1 − 100) GeV and form displaced vertices in the high energy and high intensity
experiments [62, 79, 80]. This is, however, beyond the main goal of this paper and is
postponed to a future publication.
6 WR Decay
In the minimal LRSM, the WR boson decays predominately into the SM quarks as well as
charged leptons plus heavy neutrinos N if kinematically allowed, i.e. WR → qq¯, `N . From
the scalar and W −WR mixing, WR decays also into the light W , Z bosons and the scalars,
e.g. WR → WZ, Wh, WH3. However, these bosonic channels are suppressed either by
ξ = κ′/κ or by ε = vEW/vR. In presence of the extra triplet δR and the neutral and
charged scalar mixings beyond the minimal LRSM, new decay channels open for the heavy
WR boson. In particular, the scalars H3 and H
±
2 are both from the right-handed sector,
which couple directly to the WR boson and induce the new decay channel WR → H±2 H3.
The width for this channel is proportional to the combination of the neutral and charged
scalar mixing angles sin(θ5 +ϕ±) and is not suppressed by any small parameters. There is
also the decay channel WR → H±2 h, which is however suppressed by the small parameter
ε2. All the partial widths for these decay channels are collected in Appendix A. In the
limit of MWR  MN,H3, H±2 , the branching fractions of the unsuppressed decays WR →
qq¯, `N, H±2 H3 depend only on the degrees of freedom and the mixing angle sin(θ5 + ϕ±):
Γ(WR → qq¯) : Γ(WR → `N) : Γ(WR → H±2 H3) ' 9 : 3 : sin2(θ5 + ϕ±) . (6.1)
For instance, in the limit of θ5 → 0 and tanϕ± = x = 1 we have sin2(θ5 + ϕ±) = 1/2 and
the branching fraction
BR(WR → qq¯) ' 18
25
, BR(WR → `N) ' 6
25
, BR(WR → H±2 H3) '
1
25
. (6.2)
As a result of the new decay channel WR → H±2 H3, the LHC constraint on the WR boson
mass from the searches of same-sign dilepton plus jets is slightly weaker than in the minimal
LRSM: in the extended LRSM the branching fraction BR(WR → `±`±jj) has to be rescaled
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with respect to that in the minimal LRSM by a factor of 12/(12 + sin2(θ5 +ϕ±)), which is
' 24/25 for the special case of BR(WR → H±2 H3) ' 1/25.
In the minimal LRSM, the primary production channel for the hadrophobic neutral
scalar H3 is through associated production with the WR boson, i.e. pp→W ∗R →WRH3 [31,
32]. When the decays H3 → γγ and WR → `±`±jj are taken into account, the final states
for pp → H3WR → (γγ)(`±`±jj) are the same as that in the process pp → WR →
H3H
±
2 → (γγ)(`±`±jj) in the extended LRSM, as shown in Table 1. However, as the
experimental constraints on the singly-charged scalar H±2 is much weaker than that for
the WR boson, H
±
2 could be much lighter than the WR boson and the production cross
section σ(pp → WR → H3H±2 ) could reach a higher value than that for the pp → WRH3
process [31, 32].
7 Effects on DM in the LRSM
In the minimal LRSM or in the current extended extension, there is no suitable candidate
which can play the role of DM in the universe, for which there seems to be overwhelming
evidence. In order to make the model more encompassing of observations, in recent years
an extension has been suggested by adding for example a B − L = 0 right-handed triplet
fermion Ψ [81–86]. The neutral components of the triplet Ψ is naturally stable without
introducing any extra symmetry and is the DM candidate. There is however one issue of
the model [83]: At the tree level, all three members of Ψ are degenerate; their masses get
split only at the one-loop level and typically the mass splitting is in the few GeV range
for few-TeV scale WR boson. Therefore, in the early universe, the freezing-out of DM
is dominated by the co-annihilation processes like ψ0ψ± → WR → ff¯ , with ψ0 and ψ±
respectively the neutral (DM) and charged components from Ψ, and f the SM fermions.
However, as a result of the severe LHC constraints on WR boson mass [52, 53] and the
indirect limits from gamma-ray flux measurements by H.E.S.S. [87–89], the simple triplet
DM model has been almost excluded in the minimal LRSM [81, 83].
In the extended LRSM we are considering, however, due to the presence of the δR
field, the DM phenomenology is very different, and we can find large parameter space to
accommodate the DM particle from Ψ. In particular, there is a new coupling to right-
handed fermion triplet of the form
LDM ⊃ hψΨTC−1δRΨ . (7.1)
After symmetry breaking this coupling splits the charged member of the triplet from the
neutral one at the tree level:
m± = mDM + hψwR , (7.2)
where mDM and m± are respectively the mass for ψ0 and ψ±. As long as the Yukawa
coupling hψ is not very small, there is no tree-level mass degeneracy in the Ψ components,
and the DM particles annihilate mainly in the channel
ψ0ψ0 → δ+Rδ−R , (7.3)
– 16 –
ψ0
ψ0
ψ−
δ+R
δ−R
ψ0
ψ0
ψ−
δ+R
δ−R
Figure 7. Feynman diagrams for DM annihilation ψ0ψ0 → δ+Rδ−R in the extended LRSM.
which is mediated by the charged component ψ± in both the t- and u-channels (if written
in the mass eigenstates, here δ±R refers to the physical scalar H
±
2 with a mixing angle, which
we absorb in hψ). The Feynman diagrams are shown in Fig. 7. The DM annihilation cross
section σ(ψ0ψ0 → δ+Rδ−R) is given in Appendix B, with the thermal averaged cross section
times velocity
〈σv〉 = g
2
DMmDM
64pi4xn2eq
∫ ∞
4m2DM
ds σˆ(s)
√
sK1
(
x
√
s
mDM
)
, (7.4)
where gDM = 2 is the number of degrees of freedom of DM ψ
0, neq = s(mDM)Yeq/x
3 is
the DM number density, s(mDM) =
2pi2
45 g∗m
3
DM is the entropy density (g∗ ' 110 is the
degrees of freedom for temperature in the TeV range) and Yeq =
gDM
2pi2
x2m3DM
s(mDM)
K2(x). Here
K1,2 are respectively the modified Bessel function of the first and second kind, and σˆ(s) =
2(s − 4m2DM)σ(s) is the reduced cross section. Considering the so-called instantaneous
freeze-out approximation for solving the Boltzmann equation, the relic density of DM is
ΩDMh
2 =
1.03× 109 GeV−1√
g∗MPl
(∫ ∞
xf
〈σv〉
x2
dx
)−1
, (7.5)
where MPl = 1.22 × 1019 GeV is the Planck scale, xf = mDM/Tf with Tf the freeze-out
temperature. xf can obtained by calculating the temperature at which the DM annihilation
rate drops below the Hubble expansion rate
xf = log
0.038 gDMx1/2f mDMMPl〈σv〉√
g∗
 . (7.6)
The resultant contours mDM and hψ are shown in Fig 8, which produces the observed
DM relic density ΩDMh
2 ' 0.12, for two benchmark values of the VEV wR = 2 TeV (blue)
and 5 TeV (red). For the sake of concreteness, we have set explicitly the mass mδ = 200
GeV. Obviously, to have a viable DM from the triplet Ψ in the extended LRSM, the Yukawa
coupling in Eq. (7.1) has to be large, of order one, depending on the VEV wR. When the
wR is large, the charged component ψ
± is heavier, thus we need a larger Yukawa coupling
hψ to produce the right DM relic density.
8 Comments and conclusion
The LRSM is one of the most economical extensions of the SM to accommodate the tiny
neutrino masses via seesaw mechanisms at the TeV scale. However, in the minimal version
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Figure 8. Contours of DM mass mDM and Yukawa coupling hψ in Eq. (7.1), which produces the
observed DM relic density, for wR = 2 TeV (blue) and 5 TeV (red). We have set mδ = 200 GeV.
of LRSM with only a bidoublet Φ and right-handed triplet ∆R in the scalar sector, the
neutral scalars H1 and A1 from Φ mediate tree-level flavor changing processes, which
pushes their masses superhigh, approximately greater than (15 − 25) TeV. Consequently,
the quartic coupling α3 ' M2H1/v2R & O(1) making it go non-perturbative for a few-TeV
vR so that the WR boson is observable at the LHC. This is the FCNH tension for minimal
LRSM.
In this paper we have proposed a simple way to ameliorate the FCNH tension in
the minimal LRSM, by adding a B − L = 0 right-handed real triplet δR to the scalar
sector. Then the heavy scalars H1, A1 and H
±
1 from the bidoublet Φ acquire masses from
the trilinear scalar couplings M2Tr(ΦδRΦ
†) which is absent in the minimal LRSM. In the
extended LRSM, all the quartic couplings, including α3, remain perturbative at the TeV
scale.
Thanks to the new scalar triplet δR, the phenomenology in the extended LRSM is very
rich:
• The addition of the triplet δR, while alleviating the FCNH constraints, still leads to
its own constraints arising from one loop vacuum stability conditions. These limits
imply that for gL = gR, there is a lower limit on WR mass of either 4.85 TeV or 8.1
TeV depending on whether the LRSM is invariant under parity or under generalized
charge conjugation, and the lower limits are respectively 3.16 TeV and 5.26 TeV for
the case of gR/gL = 0.65. These provide a range of masses that are all accessible at
the HL-LHC. Clearly, discovery of WR with mass below these lower limits will rule
out this model.
• The singly-charged scalar H±2 which is linear combination of ∆±R and δ±R could mimic
the “smoking-gun” signal from WR decay, i.e. H
±
2 → `±α `±β jj, therefore, even if the
same-sign dilepton signal is observed at LHC or future colliders, it is not necessarily
from the WR boson. Our model in this paper provides a good scalar candidate H
±
2
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for the same-sign dilepton signatures. One should, however, note that the production
channels of H±2 is very different from the WR boson, as seen in Section 4.
• An interesting aspect of the extended LRSM is a new decay mode of WR to two
scalars, i.e. WR → H3H±2 , that is absent in the minimal LRSM. The branching ratio
for this mode is, however, comparatively small, being about ∼ 4%, although it may
be observable with large statistics.
• This model has also interesting implications for several DM models that use B−L = 0
fermion triplet within the left-right framework. The couplings of δR to DM multiplets
could split the masses in the DM sector, whereas in the minimal LRSM all the
components in the DM sector are mass degenerate at the tree-level. Even though some
simple DM multiplets have been excluded or high constrained in the minimal LRSM,
the viable parameter space in this extended LRSM is much larger, as exemplified in
Section 7. The same situation happens also if the DM is part of bidoublet fermion.
We do not pursue the bidoublet DM model here.
We close with the following additional comments:
• A question to ask about the model is whether there are any new sources of flavor
changing effects due to mixing of the δ0R with the components of the bidoublet scalar.
We can illustrate this by looking at the benchmark model, where we note that such
mixings in general do exist but as is clear also from the elements in Eqs. (3.7) and
(3.9), the new FCNH effect induced by the new scalar H4 is down by several orders
of magnitude compared to observations.
• Also our model predicts that the mixing between the SM Higgs boson and the neutral
scalar field δ0R to be less than ∼ 10−2 and therefore any evidence for SM Higgs mixing
to a beyond SM scalar larger than this value would rule the model out or at least
exclude a large part of the interesting parameter space of the model.
• While we have discussed how to ameliorate the FCNH tension of type-I seesaw models
in this paper, our method can be easily extended to inverse seesaw LRSMs as well [44–
46]. We add the same B − L = 0 scalar field δR to the model and add to the scalar
potential the term M3χ
†
RδRχR in place of the M3Tr(∆RδR∆
†
R) term in Eq. (3.2).
Our discussion in this paper then goes through. Since this is straightforward we do
not elaborate on it in this paper. Collider implications on the inverse seesaw LRSMs
will of course be different and we do not discuss it here.
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A Partial decay widths of H±2 and WR
The partial decay widths of H±2 are
Γ(H±2 → qq¯) =
3
√
2GF sin
2 θ±M±
8pi
∑
ij
(|(cL)ij |2 + |(cR)ij |2)
×λ3/2(m2u,i, m2d,j , M2±) , (A.1)
Γ(H±2 → `±αNβ) =
sin2 ϕ±|(fR)αβ|2M±
8pi
λ3/2(0, m2N,β, M
2
±) , (A.2)
where i, j are the generation indices for the SM quarks, α, β are the flavor indices for the
leptons, GF is the Fermi constant, sin θ± is the mixing between H±1 and H
±
2 , fR is the
coupling matrix in Eq. (4.2), λ(x, y, z) ≡ (1 − x/z − y/z)2 − 4xy/z2, and the coupling
coefficients [38]
cL = V
(R)
CKMM̂d − 2ξM̂uV (L)CKM ,
cR = M̂uV
(R)
CKM − 2ξV (L)CKMM̂d , (A.3)
with M̂u,d the diagonal mass matrices for the up and down-type quarks.
In the extended LRSM with the extra triplet δR, the partial widths of WR decays read
Γ(WR → qq¯) = 9× g
2
RMWR
48pi
, (A.4)
Γ(WR → `N) = 3× g
2
RMWR
48pi
, (A.5)
Γ(WR →WZ) = g
2
RMWR
48pi
× ξ2 , (A.6)
Γ(WR →Wh) = g
2
RMWR
48pi
× ξ2 , (A.7)
Γ(WR →WH3) = g
2
RM
2
W
24piMWR
(
ξ2
g2R
g2L
)
(1− x1)3 × (cos θ5 − x sin θ5)
2
1 + 2x2
, (A.8)
Γ(WR → H±2 h) =
g2RMWRε
2
48pi
(1− x2)3 × (sin θ3 − sinϕ2)2 , (A.9)
Γ(WR → H±2 H3) =
g2RMWR
48pi
sin2(θ5 + ϕ±)
×β2
[(
β22β3 − x1 − x2
)
+
1
4
β22(a1 − a2)2
]
, (A.10)
where we have defined x1 ≡M2H3/M2WR , x2 ≡M2±/M2WR , β3 = 12(1 + a1a2) and
β2 =
√
1− 2(x1 + x2) + (x1 − x2)2 , (A.11)
a1 =
√
1 + 4x1β
−2
2 , a2 =
√
1 + 4x2β
−2
2 . (A.12)
B DM annihilation cross section
The DM ψ0 annihilates mainly through the process ψ0ψ0 → δ+Rδ−R , with the cross section
σ(ψ0ψ0 → δ+Rδ−R) =
h4ψ
64pi2s
(
s− 4m2δ
s− 4m2DM
)1/2 ∫
dΩ (Att +Atu +Auu) , (B.1)
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where
Att = 1
2(t−m2±)2
[−3m4DM + 8m3DMm± +m4δ +m2±s+ tu− 2mDMm±(s− t+ u)
+m2DM
(−4m2± + 2m2δ + s− 3t+ u)−m2δ(s+ t+ u)] , (B.2)
Atu = 1
2(t−m2±)(u−m2±)
[−6m4DM + 16m3DMm± + 2m4δ − 4mDMm±s+ 2m2±s
−(s2 − t2 − u2) + 2m2δ(s− t− u)− 2m2DM(4m2± − 2m2δ − s+ t+ u)
]
, (B.3)
Auu = 1
2(u−m2±)2
[−3m4DM + 8m3DMm± +m4δ +m2±s+ tu− 2mDMm±(s+ t− u)
+m2DM
(−4m2± + 2m2δ + s+ t− 3u)−m2δ(s+ t+ u)] . (B.4)
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